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Abstract: The investigation on the issue of damage diagnosis based on strain modal parameters is 

conducted in this paper using simply supported wooden Beams as the study’s object. First, 

ABAQUS is utilized to create finite element models of intact wooden beams as well as wooden 

beams with varying degrees of damage and perform modal analyses on them. Next, damage 

identification studies are conducted on the wooden beam structure using various strain modal 

parameters (strain mode strain modal difference, strain modal curvature difference), the timber 

beam damage identification test then yields the modal parameters of timber beams under various 

damage situations, and the test findings are contrasted with those of the numerical simulation. The 

outcomes demonstrate that the damage identification of the test data using the three types of 

damage identification indexes is consistent with the results of the numerical simulation; the three 

types of damage identification indexes can locate the damage to timber beams, but the identification 

effect of the indexes is different, the best-recognized metric is the strain mode curvature difference; 

the next best is the strain mode difference, and the worst is the strain modes. The study’s findings 

can serve as a guide for future damage detection on wood beams. 

Keywords: wooden beams; damage identification; strain modes; strain mode difference; strain 

mode curvature difference 

 

1. Introduction 

Ancient buildings’ wooden structures are a significant part of China’s historical and cultural 

heritage [1,2]. Wood components will, however, inevitably sustain various degrees of damage 

throughout the course of their long service because of things like the outside climate and the material 

itself [3–5], This will reduce the overall safety, applicability, and durability of the wooden structure 

and have an impact on its safe use. To save the wooden structures of historic buildings, it is crucial 

to conduct a damage identification study on wooden components. 

To advance the development of this discipline, academics from both home and abroad have 

recently presented several damage identification techniques [6–8]. The idea behind the structural 

damage identification approach based on modal parameters is that damage to a structure alters 

physical parameters, which in turn affects the structure’s modal parameters, including its intrinsic 

frequency and vibration mode. Therefore, damage identification of the structure can be accomplished 

by identifying changes in these modal parameters [9]. 

The intrinsic frequency is the easiest to measure and has the highest accuracy among the various 

indications of damage identification used in structural modal parameter testing [10,11]. The intrinsic 

frequency, on the other hand, is a global variable that cannot be used to precisely pinpoint the location 

of structural damage [12], In particular, when the structure sustains minor damage, the value of its 

variation is even more minute and varies depending on environmental factors like temperature and 

humidity, making it challenging to precisely pinpoint the location of structural damage [13]. The 
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mode shapes carry more spatial and damage location information than the intrinsic frequency, and 

other associated metrics can be generated based on the differentiation of the forms, including 

curvature modes, strain modes, and strain mode curvature differences. The idea of using the central 

difference of displacement modes to generate curvature modes, which may then be utilized to 

identify damage to structures, was first put forth by Pandey et al. [14] He et al. [15] proved, that using 

finite element simulation and test, the curvature mode difference index can identify the damage 

location and damage severity of the structure using cantilever beams as an example. An information 

entropy based on curvature modal utility was developed by Xiang et al. [16] as a damage 

identification indicator, numerical simulations and experiments on simply supported beams are used 

to confirm the validity of the index. Dawari et al. [17] presented a damage identification method 

based on modal curvature and modal flexibility differences, by simulating and analyzing reinforced 

concrete beams, the results reveal that the suggested method successfully pinpoints the location of 

honeycomb damage in beams. Yao et al [18] integrated strain proportional to curvature with 

measured strain data for modal analysis, and the resulting damage diagnosis was more accurate than 

the curvature modes technique. Xu et al. [19] used the distributed strain modal method to identify 

the damage of large-span cable-stayed bridges and established the damage identification index of the 

residual trend of the distributed strain modal using statistical trend analysis and confidence 

probability, the findings demonstrate the great robustness and accuracy of the presented method for 

localizing cable-stayed bridge girders. To locate the damage on a four-span bridge model, Wang et 

al. [20] used strain modal analysis and work modal analysis. Cui et al. [21] studied the damage of 

cantilever girders under natural excitation using the damage identification method of strain modal 

mixed with an eigensystem algorithm. It was demonstrated through experiments that the method 

could detect the damaged part of the girders more effectively. Measured strains were used by Li et 

al [22–24] for the life prediction and fatigue study of real suspension bridges. The first-order strain 

mode vibration pattern and the strain mode curvature difference were used by Zhang et al. [25] as 

damage identification indices to locate structural damage such as cracks and dehollowing in track 

slabs. The results demonstrated the effectiveness of the adopted damage identification indices. Li 

Lingjie et al. [26] advocated the use of strain modal difference to detect and identify the damage of 

cantilever beam constructions, and experimental proof of the method’s efficacy in identifying 

structural damage was provided. By creating a finite element model of a three-span continuous 

bridge and utilizing the variance in strain mode difference vibration patterns at the damage site, 

Zhang Hao et al. [27] successfully pinpointed the location of the structure’s damage. In conclusion, 

the strain modes and the indexes derived from them are more responsive to the local changes in the 

structure and have a more precise impact on the localization of the damage to the structure, which 

has the following benefits: The strain modes have two advantages over displacement vibration mode 

and curvature mode: (1) they are also derived from differentiation, which amplifies the displacement 

of the damaged portion of the structure, making them more sensitive to changes in structural damage 

and having a higher identification effect; and (2) they can distinguish between the damage of complex 

structures and smaller structures more effectively than the other modal parameters. 

There are fewer investigations on timber beam members than on the other constructions studied 

in the aforementioned study results for damage identification. As a result, this study uses wooden 

beams as its research object and adopts damage indicators based on various strain modal parameters 

to identify its damage, serving as a guide for the following detection of damage in wooden buildings. 

2. Theory of Damage Identification 

2.1. The Strain Mode Vibration Pattern’s Derivation 

According to the theory of mode superposition, the structural displacement vibration response 

equation for a multi-degree-of-freedom vibration system can be written as: 
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where: rq serves as the modal coordinate;  rφ is the displacement mode shape of the rth order; ω
represents the inherent frequency; rm to be the modal mass; rk is the modal stiffness; rc is the 

modal damping;   jwteF for Force Reaction. 

Based on the conversion relationship between strain and displacement, the expression for the 

strain response is as follows according to the elastic mechanics principle [28]: 
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(2)

where:  xε ， yε ， zε , correspondingly, signifies the three-way primary strain. 

The rth order strain modes in the x, y, and z directions, respectively, are defined as

   xεru

r ψφ
x





,    yεrv

r ψφ
y



 , and    zεrw

r ψφ
z





. 

Since strain modes and displacement modes are two alternative expressions of the same energy 

balance, they both satisfy the modal superposition, From Equations (1) and (2), we know that the 

displacement and strain modes share the same modal coordinates in three-dimensional space. 

Assuming that ε  is the structural unit’s overall nodal strain vector and that 
ε
rψ  stands for the 

vibration matrix of the strain mode, the strain mode is: 
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2.2. Mutual Correspondence of Strain Modes with Displacement and Curvature Modes 

Since the displacement mode is differentiable once to produce the strain mode, each order 

displacement mode must have a matching strain mode. Additionally, the strain mode and the 

curvature mode both exhibit orthogonal superposition properties and are in the same energy balance 

mode in the middle plane. The quadratic derivation of the displacement modes can be used to 

generate the curvature modes during beam deformation, and there is a corresponding curvature 

mode for each order of the displacement modes, according to the theory of elasticity [29]. 

The mechanics of materials state that for a straight beam, the bending vibration curve function 

at any cross-section x of the beam has the following properties: 

   
 
 xEI

xM

xρ
xq 

1  
(4)

where: The curvature is
 xρ
1 ,  xEI represents the beam’s flexural stiffness, and the beam’s bending 

moment is expressed as  xM . 

Straight beam bending’s deformation equation is roughly represented by: 

  2

21

dx

ud

xρ
  (5)

where:u  is the transverse vibration displacement at the section x  of the beam. 

Express Equations (4) and (5) in difference terms as: 

 
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xMuuu nnn 
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2

11 2  (6)

where: 1nu , nu , and 1nu  are three successive, equally spaced measurement sites on the beam, 

representing the lateral displacements, respectively. 
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When the displacement modes of the structure’s evenly spaced nodes are known, the curvature 

modes of the structure can be calculated from Equation (6) using the central difference equation: 

   
2

11 2
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  mrrmmr

rm

φφφ
φ  (7)

where 
rmφ  is the vibration pattern for the rth order displacement mode, m  is the calculation point, 

and Δ  is the distance between the calculation nodes. 

If h(x) is the distance along the beam from a measurement site to the neutral layer, then the 

positive strain in the x-direction at that measurement location is given by: 
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It can be seen from the correspondence between the curvature modes and the strain modes 

derived from Equation (8) that there is only a difference of one constant term between the curvature 

modes and the strain modes, and as a result, the corresponding strain modes are also derived by 

obtaining the curvature modes of the structure. 

2.3. Modal Differences by Strain 

The strain modulus differential damage index is expressed as follows if the strain modulus of a 

wood beam is ε
rψ 0

 before damage and 
ε
rdψ  after damage: 

ε
r

ε
rd

ε
rm ψψψ 0  (9)

2.4. The Difference in Strain Mode Curvature 

According to mathematics, the strain mode curvature represents the rate at which the strain 

mode slope changes with location. This rate may be computed by the strain mode vibration using the 

center difference method, and the expression for the strain mode curvature is as follows: 
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where: m is the calculation point,   is the distance between the calculation nodes, and 
ε
rmψ  is the 

vibration pattern of the rth order strain mode. 

From Equation (10), the following formula for the curvature difference between the strain mode 

forms can be obtained: 








 ε

r

ε
rd

ε
rm ψψψ 0

 (11)

where: 
ε

rdψ  represents the wood beam’s strain modal curvature before damage and 
ε

rψ 0
 

represents the curvature of the beam following damage. 

2.5. Steps for Damage Recognition 

The structural strain modes of each order, the difference of strain modes, and the difference of 

curvature of strain modes are calculated by the calculation of structural modal frequency and 

displacement vibration pattern of each order based on finite element and test, and data processing 

through Origin software. Figure 1 below depicts the localization and identification of wood beam 

damage. 
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Figure 1. Steps for Damage Recognition. 

3. Simulations with Numbers 

3.1. Simple Supported Wooden Beam Modeling 

Consider the simply supported wooden beam as an example. Its dimensions are 2400mm long, 

120mm wide, and 180mm high. It may be divided into 30 units along its length as shown in Figure 2. 

Poplar wood is used, and its Poisson’s ratio is 0.49, its density is 508 kg/m3, and its modulus of 

elasticity is 9.168 GPa. In this study, the three-dimensional solid model of simply-supported wooden 

beams is created using the C3D8R unit in the ABAQUS finite element program, as shown in Figure 

3. The mesh is divided into 80mm cells along the beam length (X) direction, with a total of 30 cells, 

20mm cells along the beam width (Z) direction, with a total of 6 cells, and 9mm cells along the beam 

height (Y) direction, with a total of 20 cells, to accurately obtain the modal parameters of the damaged 

wooden beams. 

 

Figure 2. Simple supported beam schematic diagram (unit: mm). 

 

Figure 3. Wood beam finite element model. 

3.2. Injury Circumstances 

The finite element software is used to simulate the damage of the wooden beams at various 

locations and depths by reducing the cross-section size of the units along the beam length at the 

bottom of the beam, assuming that the damage to the structure is caused by the reduction of the cross-

section height. In Table 1, the precise damage circumstances are listed. The percentage of the ratio of 
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the depth of the beam damage to the height of the entire beam represents the degree of damage. The 

finite element model of the wooden beam under various damage locations is shown in Figure 4. 

Table 1. Simple Supported Wooden Beam Damage Conditions Simulation. 

Status Number Type of Harm Harm Unit Damage Depth/mm The Extent of the Harm 

Situation 0 N/A N/A N/A N/A 

Situation 1 

mono-injury 

5 3.6 2% 

Situation 2 5 9 5% 

Situation 3 5 14.4 8% 

Situation 4 5 18 10% 

Situation 5 5 27 15% 

Situation 6 5 36 20% 

Situation 7 15 3.6 2% 

Situation 8 15 9 5% 

Situation 9 15 14.4 8% 

Situation 10 15 18 10% 

Situation 11 15 27 15% 

Situation 12 15 36 20% 

Situation 13 

double-injury 

5，26 3.6 2% 

Situation 14 5，26 9 5% 

Situation 15 5，26 14.4 8% 

Situation 16 5，26 18 10% 

Situation 17 5，26 27 15% 

Situation 18 5，26 36 20% 

 

   

(a) (b) (c) 

Figure 4. Damage to wood beams in various areas as modeled using finite elements: (a) damage to the area 

supporting; (b) damage to the central region; (c) damage to the symmetry zone. 

3.3. Analysis of Modes 

3.3.1. Modal Frequency 

To extract the wood beam model’s first three orders of intrinsic frequency under various damage 

scenarios, the Lanczos method eigenvalue solver is employed, as indicated in Table 2. 

Table 2. Simulated Simply Supported Wooden Beams for Each Working Condition Intrinsic 

frequency. 

Working 

Condition 

1st Order 2nd Order 3rd Order 

Frequency/Hz 

The Absolute 

Difference in 

Value 

Frequency/Hz 

The 

Absolute 

Difference 

in Value 

Frequency/H

z 

The 

Absolute 

Difference 

in Value 

0 57.79 - 206.34 - 401.82 - 

1 57.79 0.00  206.31 0.03  401.71 0.11  
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2 57.78 0.01  206.27 0.07  401.65 0.17  

3 57.78 0.01  206.22 0.12  401.55 0.27  

4 57.77 0.02  206.20 0.14  401.51 0.31  

5 57.77 0.02  206.15 0.19  401.43 0.39  

6 57.76 0.03  206.12 0.22  401.60 0.22  

7 57.77 0.02  206.34 0.00  401.73 0.09  

8 57.75 0.04  206.34 0.00  401.65 0.17  

9 57.72 0.07  206.34 0.00  401.55 0.27  

10 57.71 0.08  206.34 0.00  401.51 0.31  

11 57.68 0.11  206.33 0.01  401.44 0.38  

12 57.66 0.13  206.32 0.02  401.41 0.41  

13 57.78 0.01  206.28 0.06  401.64 0.18  

14 57.77 0.02  206.18 0.16  401.34 0.48  

15 57.76 0.03  206.06 0.28  400.90 0.92  

16 57.75 0.04  205.98 0.36  400.60 1.22  

17 57.74 0.05  205.96 0.38  401.05 0.77  

18 57.74 0.05  205.90 0.44  400.99 0.83  

As seen in Table 2, when damage to the wooden beams occurs, the intrinsic frequency of each 

order under each damage condition changes about the undamaged wooden beams and decreases as 

the degree of damage increases, indicating that the structure has been damaged. Its variations 

allowed for the inference of structural damage, but it was impossible to pinpoint where the wood 

beam damage was. There is a significant limitation in using the change in frequency alone to 

determine whether damage has occurred in the structure when damage is simulated by creating a 

solid unit model and choosing to change the local cross-sectional area. This is because it occasionally 

increases the intrinsic frequency of the structure. 

3.3.2. Displacement Mode Shapes 

Given that the damage affects all orders of modes, this section primarily concentrates on the first 

three orders of modes of wooden beams for thorough investigation to improve the identification of 

the damage. With each unit spaced 80 mm apart, a total of 30 units and 31 nodes were used to extract 

the displacement vibration data values of the nodes at the axial position in the wood beam model 

under various working conditions. The first three orders of the single positional damage and the 

double position damage displacement mode shapes are converted into two-dimensional diagrams 

based on the coordinate connection relating to the nodes and the wooden beam model. as 

demonstrated in Figures 5–7, respectively. 

   

(a) (b) (c) 

Figure 5. The displacement mode shapes for the first three orders of cases 1-6: (a) First-order displacement mode 

shapes; (b) Second-order displacement mode shapes; (c) Third-order displacement mode shapes. 

1 5 10 15 20 25 3031
0.0

0.2

0.4

0.6

0.8

1.0

D
is

p
la

ce
m

en
t 

m
o

d
e 

sh
ap

e

Node number

 Undamage

 2%

 5%

 8%

 10%

 15%

 20%

1 5 10 15 20 25 3031
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

D
is

p
la

ce
m

en
t 

m
o
d
e 

sh
ap

e

Node number

 Undamage

 2%

 5%

 8%

 10%

 15%

 20%

1 5 10 15 20 25 3031
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

D
is

p
la

ce
m

en
t 

m
o
d

e 
sh

ap
e

Node number

 Undamage

 2%

 5%

 8%

 10%

 15%

 20%

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 October 2023                   doi:10.20944/preprints202310.0128.v1

https://doi.org/10.20944/preprints202310.0128.v1


 8 

 

   

(a) (b) (c) 

Figure 6. The displacement mode shapes for the first three orders of cases 7-12: (a) First-order displacement mode 

shapes; (b) Second-order displacement mode shapes; (c) Third-order displacement mode shapes. 

   

(a) (b) (c) 

Figure 7. The displacement mode shapes for the first three orders of cases 13-18: (a) First-order displacement mode 

shapes; (b) Second-order displacement mode shapes; (c) Third-order displacement mode shapes. 

Figures 5–7 show that under various damage conditions for wood beams, the displacement 

modal vibration curves of each order have good smoothness, the corresponding vibration curves for 

each degree of damage fit well, and there is no sudden change at the damage location. As a result, 

the damage and the location of the damage to the structure cannot be accurately identified by relying 

on the sudden change of the displacement modal vibration curves of the wood beams. 

3.4. Identification of Damage Using Strain Modal Parameters 

3.4.1. Modal Damage Identification Metrics Based on Strain 

By Equation (8), it is possible to determine the mutual conversion relationship between 

displacement mode, curvature mode, and strain mode. Next, using Origin software, the data from 

the numerical simulation is processed to produce the corresponding strain mode vibration patterns, 

which are plotted as shown in Figures 8–10. Damage localization identification for the wooden beams 

is then accomplished by the sudden change of the strain mode vibration patterns. 
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(a) (b) (c) 

Figure 8. The strain mode shape for the first three orders of cases 1-6: (a) First-order strain mode shape; (b) Second-

order strain mode shape; (c) Third-order strain mode shape. 

   

(a) (b) (c) 

Figure 9. The strain mode shape for the first three orders of cases 7-12: (a) First-order strain mode shape; (b) Second-

order strain mode shape; (c) Third-order strain mode shape. 

   

(a) (b) (c) 

Figure 10. The strain mode shape for the first three orders of cases 13-18: (a) First-order strain mode shape; (b) 

Second-order strain mode shape; (c) Third-order strain mode shape. 

Figures 8 and 9 show that for single damage, at damage nodes 4 and 5, i.e., Unit 5 (Case 1-6), the 

strain mode vibration patterns have abruptly changed at the damage of the wooden beams. However, 

the changes are very small in comparison to the strain mode vibration patterns in the undamaged 

state, and although it is possible to recognize that there is damage in the structure, the recognition is 

not satisfactory and the abrupt changes are easily ignored. The strain mode vibration curves 

significantly shift at damage nodes 14 and 15, or unit 15 (Case 7-12), but in the same case, the strain 

modes of each order have varied sensitivity to damage in the mid-span area of the wooden beams. 

The first-order strain modes have obvious mutations at the wooden beam damage, which are easy to 

judge. The pre-damage location is on the second-order vibration node, so there are no obvious 

mutations there. The third-order strain modes have smaller mutations at the mullion damage, which 

are simple to ignore. First-order strain modes in Unit 15 (Cases 7–12) exhibit more pronounced abrupt 

changes when compared to strain mode vibration patterns in Unit 5 (Cases 1-6), It has been 

demonstrated that the wooden beam’s mid-span section exhibits higher damage sensitivity for the 

first-order strain modes.  

As seen in Figure 10, the strain mode vibration patterns for the double damage abruptly changed 

at damage nodes 4 and 5, or unit 5, and nodes 25 and 26, or unit 26, respectively (Case 13–18), but the 

abrupt changes generated at the damage units were small in magnitude and could be easily ignored, 

indicating that the strain mode vibration damage indicator has limited ability to identify the 

localization of the wooden beams. In conclusion, the single and double damage locations of the 

wooden beams can be determined based on the mutations produced by the strain modes at the 
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damage places, however, the changes produced are modest, the identification effect is widespread, 

and it is simple to disregard. 

3.4.2. Strain Modal Difference Damage Recognition Indicator-Based 

Equation (9) is used to calculate the structure’s first three orders of strain modal difference under 

the working conditions 1–18 listed in Table 1 as shown in Figures 11–13. The damage location is then 

determined by comparing the maximum values of the strain modal difference before and after the 

damage, to confirm the viability and validity of the strain modal difference for damage identification. 

   

(a) (b) (c) 

Figure 11. The strain mode difference for the first three orders of cases 1-6: (a) First-order strain mode difference; (b) 

Second-order strain mode difference; (c) Third-order strain mode difference. 

   

(a) (b) (c) 

Figure 12. The strain mode difference for the first three orders of cases 7-12: (a) First-order strain mode difference; (b) 

Second-order strain mode difference; (c) Third-order strain mode difference. 

   

(a) (b) (c) 

Figure 13. The strain mode difference for the first three orders of cases 13-18: (a) First-order strain mode difference; (b) 

Second-order strain mode difference; (c) Third-order strain mode difference. 
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Figures 10 and 11 show that for a single damage, there is a significant abrupt change in the strain 

mode difference amplitude patterns of each order at nodes 4 and 5 when the damage occurs in Unit 

5 (Case 1-6), and at nodes 25 and 26 when the damage occurs in Unit 15 (Case 7–12). As demonstrated 

in Figure 12, for the double damage, there is a noticeable sudden change in the strain mode difference 

vibration pattern of each order at nodes 4 and 5, as well as at nodes 25 and 26, when the damage 

occurs at both unit 5 and unit 26 (Case 13-18). Because the model is used in the solid unit, changing 

the local cross-sectional area to simulate the damage, will inevitably damage the neighboring units 

to cause the impact, and in different conditions of the strain mode difference vibration mode mutation 

values are increased with the increased of the degree of damage, the maximum value of the sudden 

change in the strain modal difference of each order for each unit can be used to intuitively determine 

the location of structural damage, i.e., the location of damage to the wooden beam can be precisely 

located by finding the maximum value of the sudden change in the strain modal difference of each 

ord 

When compared to the strain modal’s damage recognition effect, the strain modal difference 

damage recognition index has a greater improvement in recognition ability and accuracy. As can be 

seen, the strain modal difference damage recognition index can recognize the single damage and 

double damage locations of the wooden beams. It may therefore more accurately localize and identify 

the damage site of the wooden beam when paired with the strain modal difference curve, increasing 

the accuracy of the damage assessment. 

3.4.3. Strain Modal Curvature Difference Damage Recognition Indicator-Based 

The first three orders of strain mode curvature difference of the structure under the working 

conditions 1–18 listed in Table 1 are calculated using Equations (10) and (11), as shown in Figures 14–

16, to confirm the viability and validity of strain mode difference for damage identification. The 

damage location can then be determined based on the maximum value of the strain mode curvature 

difference. 

   

(a) (b) (c) 

Figure 14. The strain mode curvature difference for the first three orders of cases 1-6: (a) First-order strain mode 

curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order strain mode curvature 

difference. 
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(a) (b) (c) 

Figure 15. The strain mode curvature difference for the first three orders of cases 7-12: (a) First-order strain mode 

curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order strain mode curvature 

difference. 

   

(a) (b) (c) 

Figure 16. The strain mode curvature difference for the first three orders of cases 13-18: (a) First-order strain mode 

curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order strain mode curvature 

difference. 

Figures 14 and 15 show that for a single damage, there is a significant abrupt change in the 

curvature difference vibration patterns of strain modes of each order at nodes 4 and 5 when the 

damage occurs in Unit 5 (Case 1-6), and at nodes 25 and 26 when the damage occurs in Unit 15 (Case 

7–12). As demonstrated in Figure 16, for the double damage, there is a noticeable sudden change in 

the curvature difference vibration patterns of strain modes of each order at nodes 4 and 5, as well as 

at nodes 25 and 26, when the damage occurs at both unit 5 and unit 26 (Case 13-18), and the values 

of strain mode curvature difference vibration mode mutation under different working conditions 

increase with the increase of the damage degree, indicating that the strain mode curvature difference 

damage identification index can provide a better localization and identification of the single and 

double damage locations of the wooden beams. 

Under various working conditions, the strain mode curvature difference vibration pattern has a 

greater value of abrupt change in the damaged cell location than the strain mode difference vibration 

pattern curve, at the location of undamaged units, the curvature difference of the first three orders of 

strain modes is nearly overlaid and has a value of zero. The difference in the curvature of the strain 

modes as a damage identification index has higher identification accuracy because the first three 

orders of the strain mode differential vibration curves at the same location under different damage 

degrees in the location of the undamaged unit have low superposition, the value is not zero, which 

is easy to cause interference in the identification process. 

4. Experimental Validation 

4.1. Detailed Explanation of the Simply Supported Wooden Beam Test 

18 uniform material wooden beams were chosen for the damage identification test, each of 

which had the same size as the wooden beams used in the simulation step, to confirm the method’s 

viability. The design’s specifications are as follows: 2600mm in length, 120mm in width, and 180mm 

in height. The restrictions at both ends are simply supported bearings, and the spacing between the 

centers of the two bearings is the calculated span of the timber beams. The clear span is 2400 mm, 

and the clear span of the wood beams was evenly divided into 20 units and 21 nodes, each 120 mm 

apart. Figure 17 depicts a schematic diagram of the wooden beam’s dimensional model, and Figure 

18 depicts a model of the experimental wooden beams. 
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(a) (b) 

Figure 17. dimensional model of wooden beams shown schematically (unit: mm): (a) front 

perspective; (b) left perspective. 

 

Figure 18. test-model wood beam. 

In this test, the damage was mimicked by changing the dimensions of the cross-section of the 

wood beam, i.e., manually cutting longitudinal horizontal rectangular slots at various depths and 

places along the length of the beam. The damage circumstances are divided into single damage and 

two damage categories. Figure 19 and Table 3 indicate the specific damaged working conditions. The 

percentage of the ratio of the depth of the beam damage to the height of the entire beam represents 

the degree of damage. 

  

(a) (b) 

 

(c) 

Figure 19. An illustration of test specimens under various damage situations: (a) Conditions for testing 1–6 samples; 

(b) Conditions for testing 7–12 samples; (c) Conditions for testing 13–18 samples. 
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Table 3. Setting the test condition for wood beam damage. 

Status Number Type of Harm Harm Unit Damage Depth/mm 
The Extent of the 

Harm 

Situation 0 - - - - 

Situation 1 

mono-injury 

4 3.6 2% 

Situation 2 4 9 5% 

Situation 3 4 14.4 8% 

Situation 4 4 18 10% 

Situation 5 4 27 15% 

Situation 6 4 36 20% 

Situation 7 10 3.6 2% 

Situation 8 10 9 5% 

Situation 9 10 14.4 8% 

Situation 10 10 18 10% 

Situation 11 10 27 15% 

Situation 12 10 36 20% 

Situation 13 

double-injury 

4，17 3.6 2% 

Situation 14 4，17 9 5% 

Situation 15 4，17 14.4 8% 

Situation 16 4，17 18 10% 

Situation 17 4，17 27 15% 

Situation 18 4，17 36 20% 

4.2. Process for Performing Test Acquisition 

In this test, the wooden beams are hammered at predetermined reference places using a force 

hammer, and the signal from the wooden beams is acquired using single-point excitation and multi-

point pick-up vibrations. Figure 20 depicts the arrangement of the 19 measurement sites along the 

axis of the upper surface of the wooden beam. According to how the measurement spots were set up, 

the acceleration sensors were uniformly positioned on the wooden beams. As illustrated in Figure 

21, attach the sensor’s magnetic holder to each measurement point, adhere the magnetic holder to the 

wooden beam with 502 glue, and then attach the sensor to the magnetic holder. Use an impact 

hammer to strike the 7# acceleration sensor location three times, utilizing the Hui series of multi-

function data acquisition analyzers (model INV306N2) and DASP (V11) signal analysis software to 

gather and analyze the data, the field test is depicted in Figure 22. 

 

Figure 20. Layout of the Wooden Beam Survey Points. 
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Figure 21. Layout of acceleration sensors. 

 

Figure 22. Field test diagram for a wooden beam. 

4.3. Analysis of Test Results 

Two measurements were made under identical test settings for each wooden beam to lessen the 

impact of the randomness component, and the average value was used to determine the specimen’s 

self-oscillation frequency. To extract the first three orders of frequency and displacement vibration 

patterns of the mullion, the gathered data were analyzed and processed using the modal analysis 

software of Beijing Oriental Institute of Vibration and Noise Technology. When the inherent 

frequencies of the non-destructive simulated wooden beams were compared to those of the non-

destructive test wooden beams, as shown in Table 4, subsequently， checking the accuracy of the 

numerical simulation of the wood beam model was. 

Table 4. Comnt frequency of experimental and emulated wooden beams. 

Ordinal Number 

Calculated Values from 

a Finite Element Model 

(Hz) 

Calculated 

Experimental Wooden 

Beam Values (Hz) 

Inaccuracy/% 

1 57.79 59.89 3.51 

2 206.34 201.32 2.49 

3 401.82 372.9 7.76 

Table 4 shows that there are some discrepancies between the intrinsic frequencies predicted by 

numerical simulation and the measured values, with a maximum error of 8%. The main reasons for 

these discrepancies are the challenges associated with simulating the boundary conditions of the test 

simply-supported timber beams to their ideal state, followed by errors in the experimental testing 

and signal processing processes. This simulated wood beam model can more accurately represent the 

dynamic properties of actual wood beams since the inaccuracy is less than 10%, which confirms the 

accuracy of the numerical simulation wood beam model’s establishment. This allows for the cross-

validation of the results of the wooden beam experimental and the finite element model. 

4.4. Identification of Damage Using Strain Modal Parameters 

4.4.1. Modal Damage Identification Metrics Based on Strain 

To obtain the first three orders of strain modal values for the wooden beams under various 

damage conditions, the strain modal Formula (8) was applied to the modal vibration data of the 

measured wooden beams. The strain modal curves for the wooden beams in each order were then 

drawn using the Origin software, as shown in Figures 23–25. 
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(a) (b) (c) 

Figure 23. The strain mode shape for the first three orders of cases 1-6: (a) First-order strain mode shape; (b) Second-

order strain mode shape; (c) Third-order strain mode shape. 

   

(a) (b) (c) 

Figure 24. The strain mode shape for the first three orders of cases 7-12: (a) First-order strain mode shape; (b) Second-

order strain mode shape; (c) Third-order strain mode shape. 

   

(a) (b) (c) 

Figure 25. The strain mode shape for the first three orders of cases 13-18: (a) First-order strain mode shape; (b) 

Second-order strain mode shape; (c) Third-order strain mode shape. 

The strain mode vibration patterns of wooden beams under various damage situations have 

suffered varying degrees of abrupt changes in comparison to those of intact wooden beams, as can 

be observed in Figures 23–25. As a result, the location of single and double damage to the timber 

beams can be identified using the strain mode-generated mutations, however, this is limited by the 

modest magnitude of these alterations and their ease of disregard. The strain mode vibration damage 

identification index is demonstrated to have poor identification and limited ability to locate the 

damage at the wooden beam damage. The sensitivity to the wooden beam damage is also shown to 

be average. 
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4.4.2. Strain Modal Difference Damage Recognition Indicator-Based 

The measured modal vibration data of the wood beam structure were processed and calculated 

using the strain mode difference Formula (9), based on the strain modes, to obtain the first three 

orders of the strain mode difference of the structure for the experimental conditions 1–18, and 

graphed using Origin software, as seen in Figures 26–28. 

   

(a) (b) (c) 

Figure 26. The strain mode difference for the first three orders of cases 1-6: (a) First-order strain mode difference; (b) 

Second-order strain mode difference; (c) Third-order strain mode difference. 

   

(a) (b) (c) 

Figure 27. The strain mode difference for the first three orders of cases 7-12: (a) First-order strain mode difference; (b) 

Second-order strain mode difference; (c) Third-order strain mode difference. 

   

(a) (b) (c) 

Figure 28. The strain mode difference for the first three orders of cases 13-18: (a) First-order strain mode difference; (b) 

Second-order strain mode difference; (c) Third-order strain mode difference. 

It is clear from Figures 26–28 that the strain modal difference curves of wood beams of all orders 

when single or double damage occurs cause significant abrupt changes in the damage, and the size 

of the changes increases with the degree of damage in both cases. The highest value of the mutation 

of the strain modal difference of each order of each unit can be used to visually locate the location of 
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the damage to the wooden beam since the damaged unit also has a minor mutation at the nearby 

node. In other words, by locating the spot where the rapid change in the difference between the strain 

modes of each order is at its highest value, the damage to the timber beam may be precisely located. 

As can be seen, the strain modal difference damage identification index can precisely pinpoint the 

single damage and double damage locations of wooden beams. Since the identification effect and 

accuracy are higher than those of the strain modal damage identification index, the strain modal 

difference damage identification index can be combined with the strain modal difference index to 

more accurately pinpoint the damage site. 

4.4.3. Strain Modal Curvature Difference Damage Recognition Indicator-Based 

According to the strain modes, the strain mode curvature difference Equations (10) and (11) are 

used to calculate and process the measured mode vibration data of the wood beam structure to obtain 

the first three orders of strain mode curvature difference of the wood beam for the test conditions 1–

18, which are plotted by the Origin software as shown in Figures 29–31. 

   

(a) (b) (c) 

Figure 29. The strain mode curvature difference for the first three orders of cases 1-6: (a) First-order strain mode 

curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order strain mode curvature 

difference. 

   

(a) (b) (c) 

Figure 30. The strain mode curvature difference for the first three orders of cases 7-12: (a) First-order strain mode 

curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order strain mode curvature 

difference. 
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(a) (b) (c) 

Figure 31. The strain mode curvature difference for the first three orders of cases 13-18: (a) First-order strain mode 

curvature difference; (b) Second-order strain mode curvature difference; (c) Third-order strain mode curvature 

difference. 

From Figures 29–31, it is clear that under various damage conditions, the strain mode curvature 

difference vibration pattern of all orders of single-damaged and double-damaged timber beams 

experience significant abrupt changes, and the values of these abrupt changes of strain mode 

curvature difference vibration pattern under various conditions rise with the increase in damage 

degree. indicating that the strain mode curvature difference is highly sensitive to damage, with a high 

degree of accuracy, it can localize both single and double damage to wooden beams. 

Compared with the damage identification metrics based on strain modal difference, the first 

three orders of strain mode curvature difference values of the strain mode curvature difference 

vibration pattern at the location of the undamaged unit are almost completely superimposed and the 

value is zero, so the strain mode curvature difference curves are more stable, with fewer interference 

terms, and the accuracy of damage identification is higher than that of the strain mode difference 

damage identification index. 

The analysis of the measured data of the damage identification test of wooden beams using three 

types of damage identification indices yields the following conclusions: 

(1) The damage localization identification results of the three damage identification indexes on 

the numerical simulation data of wooden beams are consistent with the damage localization 

identification results of the test data, so it can be concluded that the validity of the finite element test 

model data established in this paper, as well as the three damage localization identification indexes 

proposed in this paper, are feasible in practical application. 

(2) The three damage identification metrics’ identification effects were as follows: Strain mode 

curvature difference> strain-mode difference> Strain modes 

5. Conclusions 

The damage localization detection of wood beams is examined in this work using damage 

identification metrics based on strain mode, strain mode difference, and strain mode curvature 

difference. The first step was to create finite element models of the test timber beams under various 

damage situations. First, establishing finite element models of experimental timber beams with 

varying damage conditions, The proposed three damage detection indices were applied to the 

corresponding numerical simulations of timber beams, and a preliminary analysis was performed on 

them, the best damage localization identification index was then chosen after comparisons between 

three different damage identification indices and the damage localization identification effect of 

wooden beams, finally, the following conclusions were drawn after the data from the tests were 

processed and evaluated using the same three damage identification indices and compared with the 

outcomes of the numerical simulation: 

(1) There are some discrepancies between the intrinsic frequencies predicted by numerical 

simulation and the measured values, with a maximum error of 8%. The main reasons for these 

discrepancies are the challenges associated with simulating the boundary conditions of the test 
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simply-supported timber beams to their ideal state, followed by errors in the experimental testing 

and signal processing processes. This simulated wood beam model can more accurately represent the 

dynamic properties of actual wood beams since the inaccuracy is less than 8%, which confirms the 

accuracy of the numerical simulation wood beam model’s establishment, this lays the groundwork 

for the subsequent structural damage assessments. 

(2) The following are the findings of damage localization identification of numerically simulated 

wooden beams using three damage identification metrics: The Strain Modal Damage Identification 

Index is less successful for locating damage in timber beams, because its curve creates minor and 

easily overlooked abrupt changes at the damage location; the strain modal difference damage 

identification index is more effective than the strain modal difference damage identification index for 

damage localization of wooden beams; the strain modal difference curve produces a more obvious 

mutation at the location of the damage, but also produces a mutation at the location of the 

undamaged unit, resulting in an error and interfering with the identification; in contrast to the strain 

modal difference damage recognition index, the strain modal curvature difference at the location of 

the undamaged unit is almost completely superposed and has a value of zero, which is more stable 

and less likely to interfere with the recognition results. The strain modal curvature difference damage 

recognition index will produce obvious sudden changes in the damage location. The three damage 

identification metrics’ identification effects were as follows: Strain mode curvature difference> strain-

mode difference> Strain modes, a preliminary demonstration of the viability and efficacy of damage 

identification indices based on strain mode, strain mode difference, and strain mode curvature 

difference for the localization and detection of damage in wood beams. 

(3) The following are the findings of damage localization identification of the wooden beam 

experimental data using the three damage identification metrics: The results of the three damage 

identification indices on the damage localization identification of the numerical simulation data are 

consistent with the results of the damage localization identification of the experimental data, and the 

strain modal curvature difference has the best effect and the highest accuracy on the localization 

identification of the damaged parts of the wooden beams, also demonstrated is the feasibility and 

validity of the damage localization identification method based on strain mode, strain mode 

difference, and strain mode curvature difference for real-world structural applications. 
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